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Abstract
High performance integrated electro-optic modulators operating at low temperature are
critical for optical interconnects in cryogenic applications. Existing integrated modulators,
however, suffer from reduced modulation efficiency or bandwidth at low temperatures
because they rely on tuning mechanisms that degrade with decreasing temperature.
Graphene modulators are a promising alternative, since graphene’s intrinsic carrier
mobility increases at low temperature. Here we demonstrate an integrated graphene-based
electro-optic modulator whose 14.7 GHz bandwidth at 4.9 K exceeds the room-temperature
bandwidth of 12.6 GHz. The bandwidth of the modulator is limited only by high contact
resistance, and its intrinsic RC-limited bandwidth is 200 GHz at 4.9 K.
1 Introduction
Integrated electro-optic modulators are essential for high-bandwidth optical links in cryogenic
environments, in applications such as delivering control signals and reading out data in solid-state
quantum computing [1–6] or inter-satellite optical communications [7, 8]. Existing electro-optic
modulators, however, suffer from low bandwidth or reduced modulation efficiency at cryogenic
temperatures because they rely on tuning mechanisms that degrade with decreasing temperature.
Devices based on free carriers such as silicon modulators [9], for example, suffer from carrier
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freeze-out at low temperature [10]. This may be mitigated with degenerate doping but at the cost of
increased insertion loss. Non-carrier based modulators using Franz-Keldysh or quantum confined
Stark effect [11] or Pockels effect [12] suffer from weak electro-optic strength at low temperature,
thus requiring higher drive voltage and increased footprint, which limits the integration density of
photonic integrated circuits for cryogenic applications.
Graphene modulators are a promising alternative for low-temperature applications. They rely
upon tuning graphenes absorption through electrostatic gating [13], a mechanism which does not
suffer from degradation at low temperatures [14, 15]. The intrinsic electronic mobility of graphene
increases upon cooling [16–18], such that the speed, determined by the RC charging time, should
not intrinsically degrade at low temperature. However, no work has demonstrated low temperature
operation of graphene modulators to date. Here we demonstrate a high-bandwidth graphene
electro-optic modulator at 4.9 K. The mobility of the graphene in these devices increases with
decreasing temperature, leading to reduced device resistance and better RC-limited bandwidth
of graphene modulators. Therefore, graphene enables high-speed integrated electro-absorption
modulator that naturally exhibits high bandwidth at cryogenic temperature.
2 Graphene-silicon nitride electro-absorption ring modulator
The graphene electro-absorption modulator consists of a dual-layer graphene capacitor integrated
with a silicon nitride (Si3N4) waveguide. The capacitor consists of two graphene sheets (blue
dashed lines in Figure 1A) separated by 30 nm alumina (Al2O3) gate dielectric (white solid lines
in Figure 1A are boundaries of Al2O3 gate dielectric and Si3N4 waveguide). The Si3N4 waveguide
(1,300 nm by 330 nm) is designed to ensure significant overlap between the fundamental quasi-TE
mode and graphene capacitor via evanescent wave as shown in Figure 1A. By applying voltage to
the graphene capacitor, we electrostatically gate the graphene sheets and induce Pauli-blocking,
i.e. reduce optical absorption and mode propagation loss by suppressing interband transitions of
carriers in graphene [19].
We embed the graphene capacitor/Si3N4 waveguide in a ring resonator as shown in Figure 1B
to enhance graphene-light interaction while reducing footprint and capacitance for maximum
bandwidth. In addition, we utilize resonator loss modulation at critical coupling [20, 21] to achieve
2
Figure 1. Graphene electro-absorption modulator design and resonator loss modulation at critical coupling.
(A) The graphene modulator consists of a dual-layer graphene capacitor on top of a silicon nitride (Si3N4) waveguide. The capacitor
consists of two graphene sheets (blue dashed lines) separated by a 30 nm alumina (Al2O3) gate dielectric (white solid lines are
boundaries for Al2O3 gate dielectric and Si3N4 waveguide). The top graphene sheet is cladded with 40 nm Al2O3 (not shown in
the cross-section). The Si3N4 waveguide (1,300 nm by 330 nm) is designed to ensure significant overlap between the fundamental
quasi-TE mode and graphene capacitor via evanescent wave. By applying voltage between the graphene sheets, we electrostatically
gate them and induce Pauli-blocking, suppressing interband transitions of carriers in graphene sheets and reducing optical absorption
and mode propagation loss. (B) The graphene capacitor is embedded in a ring resonator to enhance graphene-light interaction
while reducing footprint and capacitance for maximum bandwidth. (C) Simulated transmission (blue curve, left axis) and slope of
transmission (orange curve, right axis) with respect to resonator round trip loss. To achieve strong modulation even with small voltage
swing and small capacitance, we modulate resonator loss near critical coupling shown as dashed vertical line. The transmission is
most sensitive (i.e. largest slope) when the resonator is near critical-coupling. We, therefore, design the resonator-bus coupling gap
(around 180 nm) to be near critical-coupling. The modulator transitions from being critically-coupled to over-coupled as graphene
absorption is modulated from high to low, respectively. Inset: An optical micrograph of the fabricated device showing the waveguide
and ring resonator, false-colored in blue. The two electrodes for the graphene capacitor are shown in yellow. Boxed region indicates
where the graphene capacitor is placed with 5 µm device length around the ring with 40 µm radius. Squares around the device are fill
patterns for chemical mechanical planarization. Scale bar, 40 µm.
strong modulation even with small voltage swing and small capacitance (about 9 fF, see the optical
micrograph inset of Figure 1C for device scale). Figure 1C shows the simulated transmission
through the waveguide (blue curve, left axis) and slope of transmission (orange curve, right axis)
with respect to resonator round trip loss. The transmission is most sensitive (i.e. largest slope)
when the resonator is near critical-coupling (i.e. near dashed vertical line in Figure 1C). We
therefore design the resonator-bus coupling gap (around 180 nm) to be near critical-coupling to
achieve highest sensitivity to changes in graphene absorption, and to transition from being critically
coupled to over-coupled as graphene absorption is modulated from high to low, respectively.
3 Results
We show modulation of transmission by more than 7 dB at room temperature by electrostatically
gating the graphene and, thus, modulating the resonator round trip loss near critical coupling. In
Figure 2A, we show the transmission spectra of the graphene ring modulator at different applied
voltages. The transmission is about −25 dB at resonance (around 1,586.2 nm) when applied
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voltage is 0 V, indicating near critical-coupling of the ring with high graphene absorption. With
applied voltage to the graphene modulator, the resonator-bus coupling condition becomes more
over-coupled and the transmission at resonance increases. To measure the change in resonator
round trip loss as a function of voltage, we measure the loaded quality factor QL from each of the
spectra shown in Figure 2A and plot it in Figure 2B. The QL increases from about 3,500 to 3,700
over 9 V, corresponding to resonator round trip loss decreasing from 1.10 dB to 0.96 dB [22] due
to decreasing graphene absorption.
Figure 2. Modulating resonator-bus coupling condition by electrostatically gating the graphene capacitor.
(A) Transmission spectra of the modulator at various d.c. voltages at room temperature. With applied voltage to the graphene
modulator, we change the transmission at resonance by more than 7 dB by decreasing graphene absorption and changing the
resonator-bus coupling condition. By reducing graphene absorption and resonator round trip loss, we make the resonator more over-
coupled as indicated by the increasing transmission at resonance. (B) We measure the loaded quality factor QL of the resonator
spectra in Figure 2A. The QL increases from about 3,500 to 3,700 over 9 V, corresponding to resonator round trip loss decreasing
from 1.10 dB to 0.96 dB due to decreasing graphene absorption.
We characterize the frequency response of the graphene modulator at 293 K and 4.9 K and
measure a 3-dB bandwidth of 12.6 GHz and 14.7 GHz, respectively (Figure 3). We place the
graphene modulator in a cryogenic probe station to precisely control the temperature of the chip
and perform high-speed electro-optic measurements (see Figure S1 for experimental setup at
cryogenic temperature). The bandwidth increases approximately 16 % when the device is cooled
from room to cryogenic temperature despite being driven with the same d.c. bias (-9 V) and
RF power (13.5 dBm, Vpp = 3 V, see Figure S2 for eye diagrams measured at 293 K in the
Supplementary Information). We normalize the amplitude of each curve to the response at 1
MHz and fit it to a single pole transfer function 1/(1 + j2pifτ), where f is the frequency and τ is
the modulator time constant. The 3-dB bandwidth at each temperature is measured from the fitted
curve (shown as dashed lines in Figure 3) as f3dB = 1/(2piτ).
We show that the increase of graphene modulator’s bandwidth at low temperature follows the
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Figure 3. Enhancement of electro-optic bandwidth of graphene modulator at cryogenic temperature.
The measured electro-optic bandwidth at 293 K and 4.9 K are 12.6 GHz and 14.7 GHz, respectively. Red dashed lines are single pole
fitting to the data. The electro-optic response increases by about 16 % when the device is cooled from room to cryogenic temperature.
The modulator is driven with a vector network analyzer (see Figure S1 in the Supplementary Information) with RF power 13.5 dBm
(Vpp = 3 V) at d.c. bias of -9 V at both temperatures.
trend of graphene carrier mobility. We pattern graphene test devices into Hall bar configuration,
allowing extraction of the carrier mobility by simultaneous measurement of the four-terminal
conductance and carrier density through the Hall effect (see Figure S3 in the Supplementary
Information). As shown in Figure 4A, the mobility increases from approximately 1,420 cm2/Vs at
293 K to 1,650 cm2/Vs at 4.9 K. This increase reflects the weakening of scattering from phonons
in the graphene and the surrounding Al2O3 dielectric. The solid line in Figure 4A shows a fit to the
data which combines temperature-independent scattering from disorder (such as trapped charge
in the Al2O3) and temperature-dependent scattering from graphene longitudinal acoustic phonons
and Al2O3-graphene surface polar phonons [16–18, 23] (see Figure S4 in the Supplementary
Information). In order to confirm that the devices resistance governs the bandwidth change with
temperature, we verify that the capacitance remains constant with temperature. The capacitance
changes by less than 5 % from 293 K to 1.5 K by measuring the change in carrier concentration of
the graphene Hall bar at various temperatures (see Figure S5 in the Supplementary Information).
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Figure 4. Mobility enhancement of graphene at cryogenic temperature and its correspondence to graphene modulator.
(A) We extract graphene mobility using a Hall bar (see Figure S3 in the Supplementary Information) with respect to temperature.
We measure an increase of mobility from approximately 1,420 cm2/Vs at 293 K to 1,650 cm2/Vs at 4.9 K. This increase reflects
the weakening of scattering from phonons in the graphene and the surrounding Al2O3 dielectric. The black solid line shows a fit to
the data which combines temperature-independent scattering from disorder (such as trapped charge in the Al2O3) and temperature-
dependent scattering from graphene longitudinal acoustic phonons and Al2O3-graphene surface polar phonons (see Figure S4 in
the Supplementary Information). The measured mobility follows the temperature dependence of the fitted curve well within the
measurement error. (B) The equivalent RC circuit of the graphene modulator is overlaid with the device cross-section. Rc is the
graphene contact resistance, Rsh is the graphene sheet resistance, C is the dual-layer graphene capacitor, and g is the gap between
the electrode and the capacitor. The enhancement of graphene carrier mobility at cryogenic temperature reduces the sheet resistance
of the device, increasing the RC-limited bandwidth.
4 Discussion
Using the measured mobility and two-terminal device resistance, we determine that the graphene
modulator bandwidth is currently limited by its high contact resistance, whereas its high mobility
(and resulting low sheet resistance) at cryogenic temperature supports a fundamental bandwidth
of 200 GHz. From the RC circuit in Figure 4B, the modulator’s total RC-limited bandwidth is,
f3dB =
1
2pi(2Rc + 2Rshg)C
, (1)
where Rc is the contact resistance, Rsh is the sheet resistance, g is the gap between the
electrodes and capacitor, and C is the capacitance per length. The total bandwidth is governed by
contributions from extrinsic (i.e. due to parasitic components) and intrinsic bandwidth:
1/f3dB = 1/BWext + 1/BWint
= 2pi(2RcC) + 2pi(2RshgC),
(2)
where BWext = 1/(2pi[2RcC]) is the extrinsic bandwidth governed by parasitic contact resistance
and BWint = 1/(2pi[2RshgC]) is the intrinsic device bandwidth governed by the capacitance
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and sheet resistance. From Hall bar measurements (see Figure S3 in the Supplementary
Information) and using Equation 1, we extract C and Rsh at 4.9 K as 1.85 fF/µm and 470
Ω/sq, respectively, which translates to BWint = 200 GHz. With state-of-the-art graphene contact
resistance measured as low as 100 Ωµm [24], we expect to enhance the extrinsic bandwidth
and achieve a total bandwidth of > 130 GHz at cryogenic temperature with optimized graphene
contacts without changing the device cross-section. Note that this high bandwidth requires
ensuring that the cavity photon lifetime is not a limiting factor, which can be done by, for example,
increasing the graphene capacitor length around the circumference of the ring resonator from 5
µm to 33 µm (see Supplementary Information).
5 Conclusion
We have demonstrated high-speed integrated graphene modulator with measured bandwidth of
14.7 GHz with intrinsic bandwidth of 200 GHz at 4.9 K by leveraging graphene carrier mobility
improvement at low temperature. In contrast to traditional electro-optic tuning mechanisms that
decrease in bandwidth or modulation efficiency at low temperature, the graphene modulator
exhibits an increase in electro-optic response from 293 K to 4.9 K without trading off voltage
or footprint. By optimizing graphene contact resistance and device footprint, we expect the
graphene modulator to support bandwidths > 130 GHz at cryogenic temperature. In addition,
with optimized quality of gate dielectric, the modulation extinction ratio, currently limited by weaker
dielectric constant and breakdown field of the Al2O3 gate compared to values reported in literature
[25], could be further increased (see Figure S6 in the Supplementary Information). This natural
enhancement of electro-optic response at low temperature makes graphene modulators versatile
and suitable for high-speed electro-optic applications at cryogenic temperature.
Methods
Please see the Supplementary Information for detailed description of device fabrication and
experimental measurements.
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Supplementary Information
1 Bandwidth with optimized graphene contact resistance and
adjusted cavity quality factor
In the circuit diagram in Figure 4B, we assume negligible pad and graphene quantum capacitance
as the graphene capacitance is in the order of 9 fF, dominating other series capacitances. The
RC-limited bandwidth is then,
f3dB =
1
2piRC
=
1
2pi
(
2Rcl + 2Rsh
g
l
)
0k
wl
d
, (S1)
where Rc is the graphene contact resistance (Ωµm), Rsh is the sheet resistance (Ω/sq), g is the
gap between graphene capacitor and electrode (see Figure 4), l is the device length around the
ring resonator circumference, 0 is the permittivity of free-space, k is the dielectric constant, w
is the capacitor width (i.e. graphene overlap width), and d is the gate dielectric thickness. The
length contribution in both sheet and contact resistances cancels out the capacitance length, so
Equation S1 simplifies to,
f3dB =
1
2pi(2RC + 2Rshg)0k
w
d
. (S2)
Therefore, the device length does not impact the RC bandwidth but only the resonator round trip
loss. If we optimize graphene contact resistance close to the state-of-the-art value of 100 Ωµm [1]
while keeping other values constant (i.e. sheet resistance, capacitance, gate dielectric constant,
etc, same as the current device), the 3-dB bandwidth is approximately 137 GHz at 4.9 K. This
bandwidth exceeds the current photon lifetime of the resonator (with Q ≈ 3,700 in Figure 2B, the
resonator linewidth is ≈ 52 GHz). We can mitigate this by adjusting the resonator round trip loss
by increasing the device length as it does not affect the RC bandwidth as shown in Equation S2.
To ensure that the cavity photon lifetime supports > 130 GHz, the loaded quality factor needs to
be around 1,490, corresponding to resonator round trip loss of 6.4 dB, or 33 µm device length with
current graphene absorption.
S1
2 Methods
2.1 Si3N4 ring resonator fabrication
We deposited a film of 330 nm-thick low-pressure chemical vapor deposition (LPCVD) Si3N4 on
top of 4.3 µm-thick thermally grown SiO2 on silicon substrate. We spin-coated Ma-N 2403 resist
and exposed ring resonators with 1.3 µm width and 40 µm radius using e-beam lithography (Elionix
ELS-G100, 100 kV). We ensured only the fundamental quasi-TE mode propagated in our devices
by designing an inversely tapered waveguide at the input and output facets. Before developing
the resist, we exposed the chemical mechanical planarization (CMP) fills (square patterns around
the device in the inset of Figure 1C) using a 248 nm wavelength Deep-UV (DUV) mask aligner
(MA6-SUSS) so that the waveguides and fills were patterned on the same Si3N4 layer. We took
advantage of Ma-N resist’s sensitivity to DUV wavelengths to expose CMP fills because direct
writing with e-beam lithography would have taken considerable amount of writing time. After
exposing the waveguides and CMP fills, the resist was developed and etched using inductively-
coupled plasma etcher with CH3/O2 etching gas. The patterned Si3N4 layer was cladded with SiO2
by plasma-enhanced chemical vapor deposition (PECVD). The cladded surface was planarized
using CMP so that the transferred graphene sheets would not rupture from the steps in the top
cladding caused by the waveguide patterns. The planarized surface was cleaned with RCA-2
(H2O2/NH4OH/H2O) to remove slurry residues from the CMP.
2.2 Graphene transfer through electrochemical delamination
We used CVD graphene grown by Grolltex Inc. [2]. We spin-coated PMMA 495K A6 at 2,000
RPM on graphene grown on Cu substrate. This gave a 400 nm-thick polymer support for the
graphene transfer. We dried the spin-coated PMMA on graphene overnight at ambient conditions
without additional baking. We electrochemically delaminated the PMMA/graphene stack from the
Cu substrate as described in Ref. [3]. We prepared 1M NaOH solution as the electrolyte with a
PMMA/graphene/Cu foil as the cathode, and a bare Cu foil as the anode. With applied voltage of
around -2.2 V between the two terminals, a 20 mm x 20 mm PMMA/graphene film delaminated
from the Cu substrate and floated on the electrolyte surface within few tens of seconds. The
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delaminated PMMA/graphene stack was transferred to a fresh DI water bath with a glass slide
and transferred onto O2 plasma-treated substrate (i.e. on top of planarized waveguide surface).
The O2 plasma removed any residues on the substrate and made the surface hydrophilic, which
facilitated the removal of trapped water residue in the drying step. The substrate with transferred
PMMA/graphene stack was put into a vacuum desiccator with a base pressure of around 0.5 Torr
for at least 24 hours to pump out residual water trapped between the stack and substrate during
the wet transfer. Fully removing the water residue was critical to reducing tears and damages
to the transferred graphene as residual water can rupture graphene during the baking step. After
vacuum-drying residual water, the substrate was baked on a hot plate for 2 hours at 180 ◦C. Lastly,
PMMA was dissolved using acetone for at least 1 hour.
2.3 Dual-layer graphene capacitor fabrication
To pattern the graphene layer after transfer, we used a two-layer resist mask using PMMA 495K
A2 at 1000 RPM (around 100 nm) and hydrogen silsesquioxane (HSQ, XR-1561 6 %) at 2,000
RPM (around 130 nm) on the top. We noticed polymer based negative resist, such as Ma-N,
leaves residues that are difficult to selectively clean with respect to graphene. Using an inorganic
resist, such as HSQ, with a sacrificial layer left minimal residues on graphene. We patterned the
graphene sheet 5 µm long around the arc of the Si3N4 ring resonators with e-beam lithography. We
etched through the PMMA mask and graphene with reactive ion etching (RIE) O2 plasma. Once
the graphene was etched, we stripped the resist in acetone, where it dissolved the bottom PMMA
and cleanly removed the HSQ mask. After patterning the graphene sheet, we defined the metal
electrode 0.45 µm away from the waveguides with bilayer PMMA resist (100 nm-thick PMMA 950k
A2 on top of 500 nm-thick PMMA 495K A6) and e-beam lithography, followed by the deposition
and lift-off of 1 nm/45 nm/55 nm thick Cr/Pd/Au layers at high vacuum (< 10−7 Torr). We placed
the electrodes close to the waveguide in order to maximize bandwidth. Eigenmode simulations
showed mode loss due to electrodes placed in close proximity to the waveguide (21 dB/cm)
was still an order of magnitude lower than that from graphene absorption even at its maximum
expected transparency (683 dB/cm). After metal deposition, 1 nm of Al was thermally evaporated
to provide nucleation seed layer for the following ALD deposition of Al2O3 gate dielectric (30 nm
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thickness). Second layer graphene was transferred on top of this Al2O3 gate dielectric as outlined
in the transfer section. Graphene patterning and electrode deposition steps were repeated for the
second graphene sheet. After fabricating the Gr/Al2O3/Gr capacitor, a final layer of 40 nm-thick
Al2O3 was deposited to clad and protect the top graphene layer. Vias were etched with buffered
oxide etch (50:1 ratio) to remove Al2O3 on top of the electrodes to access the metal contacts.
2.4 High-speed electro-optic measurements at cryogenic temperature
Electro-optic measurements were conducted in a cryogenic probe station (Janis Research ST-
500) with two optical fiber feed-throughs for optical input and output as well as two microwave 67
GHz microwave GSG probes. Figure S1 describes the experimental setup. The sample stage
was cooled down to 4.9 K using liquid helium. The stage temperature was closely monitored
with a thermocoupler throughout the experiment to see any changes in temperature due to optical
coupling and microwave excitation. Laser power was kept at 10 dBm maximum, where no signs
of stage temperature fluctuation was observed. Fiber-to-chip coupling loss was around 10-12 dB
per facet due to large modal mismatch between the cleaved single mode fiber inside the cryostat
and on-chip inversely tapered waveguide couplers. For frequency response measurements, a
microwave drive signal of 13.5 dBm (≈ Vpp = 3 V) from the vector network analyzer (VNA, Anritsu
MS4640B) was applied to a bias-tee that combined a d.c. bias of -9 V and applied to the modulator
through a GSG probe. Another GSG microwave probe was landed on the modulator where it
terminated the modulator with a 50 Ω termination and a d.c. block to minimize electrical reflection
due to large impedance mismatch between the modulator and transmission line. The output light
was collected using an output fiber feed-through in the cryostat and fed into to an erbium-doped
fiber amplifier (EDFA) to compensate for coupling and insertion losses followed by an optical
tunable filter (OTF) with 1 nm bandwidth to reduce amplified stimulated emission (ASE) noise
from the EDFA and increase optical signal-to-noise ratio. The filtered optical signal was fed into a
high-speed photodetector (67 GHz Anritsu MN4765B), whose electrical signal was connected to
the second port of the VNA. The IF bandwidth of the VNA was kept at 1 kHz for all measurements
to ensure fast frequency sweeps but with dwell time much longer than the electrical path length
for accurate measurements. The electrical paths including the GSG probes were de-embedded
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prior to the electro-optic experiment using a calibration substrate at relevant temperatures. To
acquire eye diagrams for data communication at 293 K shown in Figure S2, VNA was replaced
with an arbitrary waveform generator (AWG, Keysight M8195A) and OTF filter was reduced to
0.25 nm bandwidth. AWG output non-return-to-zero (NRZ) 29 − 1 pseudo-random binary stream
at various data rates from 5 Gb/s to 20 Gb/s. The output was fed into a RF amplifier to increase the
drive voltage to Vpp = 3 V. The optical output signal was directly put into the oscilloscope’s optical
sampling module (Tektronix 80C02) instead of the high-speed photodetector to obtain the eye
diagrams. The quality factor (Q) of the eye diagrams were measured, from which the bit-error rate
(BER) was calculated from the relation BER= 0.5 erfc(Q/
√
2), where erfc is the complementary
error function [4].
2.5 Graphene Hall bar measurements for extracting mobility
A Hall bar with similar cross-section (Gr/30 nm Al2O3/Gr) as the modulator was fabricated
on a similar substrate (330 nm LPCVD Si3N4/4.3 µm SiO2/Si) to extract the Hall mobility of
graphene with respect to temperature. The bottom graphene was gated with a top graphene
sheet overlapping the channel layer as well as the contact regions to ensure complete gating of
the bottom channel. We put the graphene Hall bar in a closed-cycle refrigerator cryostat with
a superconducting magnet. We measured the Hall resistance (Rxy) across a pair of contacts
perpendicular to the drain-source channel (Figure S3a) while sweeping the magnetic field from
-0.5 to 0.5 T at various gate voltages, as plotted in Figure S3b. The linear fit at each gate voltage
provides carrier density versus gate voltage through the relation Rxy = B/ne, where Rxy is the
measured Hall resistance, B is the applied magnetic field, n is the carrier density, and e is the
elementary positive charge. Doping carrier density is plotted against gate voltage in Figure S3d,
where intrinsic carrier density is measured to be around 4.1× 1012 cm−2 corresponding to Dirac
voltage of about 5 V, consistent with intrinsic carrier density deduced from Raman spectroscopy
measurements (Figure S7). We measured our dielectric constant to be k = 4.2 with breakdown
field strength of about 5.6 MV/cm. The reduced gate dielectric quality could be due to defects
from the graphene transfers, adversely affecting the dielectric characteristics [5]. We then
measured sheet resistance of the graphene channel (Rxx) while sweeping the gate voltage at
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various temperatures as shown in Figure S3c. The Hall mobility was extracted from this plot
using the relation Rxx = 1/µ|n|e, where µ is the mobility at doping concentration n. We used
n = −8× 1012 cm−2, corresponding to about Vg = −9 V, which is the d.c. bias applied to our
graphene modulators in electro-optic measurements.
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3 Supplementary Figures
Figure S1. Experimental setup for high-speed electro-optic measurements.
(a) Schematics of high-speed electro-optic experiment at cryogenic temperature. The graphene modulator was placed inside the
cryogenic probe station (Janis Research ST-500) equipped with optical fiber and microwave probe feed-throughs. We couple input
light from a tunable laser into the chip by edge-coupling the optical fiber to the inverse tapered waveguide. We control the polarizaion
of the input light using a polarization controller so that it is closely matched to the waveguide fundamental quasi-TE mode. The output
light is collected with another output fiber at the opposite end. It is then amplified through an erbium-doped fiber amplifier (EDFA) to
compensate for fiber-to-chip coupling loss. The light is then passed through an optical tunable filter (OTF) with a 0.25 nm bandwidth
to increase signal-to-noise ratio by suppressing amplified spontaneous emission (ASE) noise from the EDFA. To measure the electro-
optic response with respect to frequency, we excited the modulator with electrical signal from the vector network analyzer (VNA). The
VNA sweeps the frequency with input electrical power of 13.5 dBm (Vpp = 3 V) and fed into a bias tee, where a constant d.c. bias of -9
V is added to the RF signal. The IF filter bandwidth of the VNA was kept at 1 kHz for fast sweeps. The electrical signal path length was
much shorter than the IF filter dwell time for accurate sweeps. The combined a.c. and d.c. electrical signal is applied to the modulator
through a GSG microwave (67 GHz bandwidth). Another GSG microwave probe is landed on the modulator where it terminates the
modulator with a 50 Ω termination and a d.c. block to minimize electrical reflection due to large impedance mismatch between the
modulator and transmission line. The output optical signal is received by a high-speed photodetector and input into the second port
of the VNA. To acquire eye diagrams shown in Figure S2, VNA was replaced with an arbitrary waveform generator (AWG) that output
non-return-to-zero (NRZ) 29 − 1 pseudo-random binary stream. The electrical output from the AWG was amplified to Vpp = 3V by an
RF amplifier and fed into the bias tee to add the d.c. bias. For the output, the output optical fiber after the OTF was fed directly into
the optical sampling module in the digital communication analyzer oscilloscope to acquire the eye diagram. (b) Photograph of the cold
stage inside the cryogenic probe station. The chip was affixed with the holders on the cold stage, which was cooled with the liquid
cyrogens. The two optical fibers coupled light into and out of the chip. A microwave GSG probe drove electrical signal to the graphene
modulator. The second GSG prove used to terminate the modulator is not shown.
Figure S2. Eye diagrams of non-return-to-zero (NRZ) 29 − 1 pseudo-random binary stream at 293 K.
The eye diagrams of graphene modulator with data transmission speeds from 5 Gb/s to 20 Gb/s were acquired at 293 K with a drive
voltage Vpp = 3 V at d.c. bias of -9 V. The bit-error rate (BER) for each data rate was calculated from the measured quality factor (Q)
of the eye diagram using the relation BER= 0.5 erfc(Q/
√
2), where erfc is the complementary error function [4].
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Figure S3. Graphene Hall bar transport measurements.
(a) False-colored scanning electron microscope image of the graphene Hall bar used to measure CVD graphene mobility at various
temperatures. The green shaded region is the bottom graphene sheet whose carrier density was controlled with a top graphene
gate (not shown) overlapping the whole device, including the contacts. The yellow shaded region is the Cr/Pd/Au electrodes. Hall
resistance (Rxy) was measured by applying a current through drain-source (whose resistance is Rxx) and measuring the potential
difference between a pair of electrodes perpendicular to the drain-source while sweeping the magnetic field (B) applied normal to
the device plane. Scale bar, 1µm. (b) Hall resistance with respect to sweeping magnetic field at various gate voltages (Vg). The
left and right plot show gate voltages that electron and hole dope the graphene, respectively. The slopes of linear fits are used to
extract carrier density at each gate voltage from the relation Rxy = B/ne, where n is the carrier density and e is the elementary
positive charge. The results are plotted in (d). (c) Sheet resistance Rxx of the drain-source channel with respect to gate voltage at
various temperatures. These curves were used to extract Hall mobility of carrier concentration n = −8× 1012 cm−2 (corresponding
to Vg = −9V) at different temperatures from the relation Rxx = 1/µ|n|e. The extracted mobility with respect to temperature is plotted
in Figure 4A. (d) Carrier density with respect to gate voltage extracted from linear fits in (b). The blue line is the linear fit, which yields
a capacitance of C = 1.25 fF µm−2 from the relation n = CV/e. The graphene modulator is biased at -9V, which corresponds to
n = −8× 1012 cm−2. The dielectric constant of Al2O3 extracted from the fit was k = 4.2.
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Figure S4. Graphene mobility modeling.
The measured mobility is fitted with the model described in Ref.[6]. Square marks are experimental data from Figure 3B at carrier
density −8× 1012 cm−2. Dashed orange line is the defect and impurity limited mobility, which is temperature insensitive. Blue line
is the mobility limited by surface polar phonon scattering from the Al2O3 gate dielectric. The material parameters for Al2O3 were
referenced from Ref.[7]. Green dotted dashed line is mobility limited by graphene acoustic phonon, described in Ref.[8]. Black solid
line is the fit to data summing all the mobility limit contributions, from the relation µ−1total = µ
−1
C +µ
−1
SR+µ
−1
GA+µ
−1
SPP , where µtotal is
the total mobility, µC is the mobility limited by Coulomb scattering from impurities, µSR is the mobility limited by short-range scattering
from defects, µGA is the mobility limited by graphene acoustic phonon, and µSPP is the mobility limited by substrate surface polar
phonon scattering.
Figure S5. Carrier density measurement with respect to temperature.
The carrier concentration is measured at Vg = 0 V with respect to temperature. Carrier concentration is measured to be temperature
insensitive, which indicates that capacitance is also temperature insensitive according to the relation n = C(Vg − Vdirac)/e.
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Figure S6. Transmission spectra of graphene modulator with different gate dielectric constant.
(a) We design the graphene modulator with ALD Al2O3 gate dielectric constant of 9, typically reported in literature [9]. This enables
modulation depth of around 19 dB over 9 V and insertion loss of less than 6 dB. (b) In our fabricated devices, we measure a dielectric
constant of 4.2 (via Hall bar measurements) of our ALD Al2O3. This reduced gate dielectric constant weakens the electrostatic gating
and reducing control of graphene absorption, which leads to smaller modulation depth and higher insertion loss.
Figure S7. Raman spectroscopy of the two graphene sheets of the modulator.
Graphene 2D peaks are at 2,697.4 cm−1 and 2,694.6 cm−1, G peaks are at 1,595.0 cm−1 and 1591.7 cm−1, and I(2D)/I(G) ratios are
1.71 and 1.93 for bottom and top graphene, respectively. The Raman spectroscopy measurements suggest an intrinsic carrier density
of around −5× 1012 cm−2 [10], similar to that obtained from the Hall bar measurements (−4.1× 1012 cm−2) in Figure S3.
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